Background. Human papillomavirus (HPV) vaccines are ideally administered before HPV exposure; therefore, catch-up programs for girls past adolescence have not been readily funded. We evaluated the benefits and costeffectiveness of a delayed, 1-year female catch-up vaccination program in Norway.
High-risk HPV infection is associated with invasive cancer in a variety of organ systems in both women (ie, cervix, vulva, vagina, anus, and oropharynx) and men (ie, penis, anus, and oropharynx) [1] . In addition, low-risk HPV infections are linked to the development of genital warts and recurrent respiratory papillomatosis (RRP) [2] .
The prophylactic quadrivalent (4-valent) HPV vaccine, which protects against 2 high-risk types (HPV-16 and -18) and 2 low-risk types (HPV-6 and -11), is most effective when administered before HPV exposure and is, therefore, ideally targeted to young individuals before sexual initiation. Several countries elected to fund temporary catch-up programs for females up to ages 16 or 18 years (eg, United Kingdom) and, in fewer countries, up to age 26 years (eg, Australia) [3] . While few girls will be exposed to vaccine-type infections by age 12 years (ie, the target age of many routine HPV vaccination programs), exposure to HPV increases as sexual activity increases, resulting in decreased effectiveness of the vaccine program. In 2014, girls from the first Norwegian 12-year-old cohort vaccinated against HPV (in 2009) are 17 years old (born in 1997). Females aged ≥18 years (born before 1997)
will not have had the opportunity to be vaccinated during the routine vaccination program yet still may benefit from direct protection because vaccine trials have demonstrated that acute infection with one HPV type does not impede protection against incident infection with another HPV type [4] . In addition, a recent analysis from the 4-valent clinical trial demonstrated that individuals with a history of a vaccine-type infection may receive some protection against future typespecific infections [5] ; however, the magnitude of this protection is uncertain. A recent cost-effectiveness analysis of the 2-valent HPV vaccine [6] varied assumptions about vaccine efficacy among women with a prior history of infection and found that this assumption had a decisive impact on the costeffectiveness of a catch-up program (cervical cancer end points only were assessed in this analysis). Moreover, herd immunity, propagated by expanding coverage in the population, may benefit unvaccinated individuals (both women and men).
Given the emerging evidence of the effectiveness of HPV vaccination in surveillance studies [7] [8] [9] , coupled with declining vaccine prices, Norwegian health authorities are currently debating whether implementation of a temporary catch-up program for cohorts of women born between 1988 and 1996 (aged 18-26 years in 2014) is warranted, even 5 years after the start of the routine vaccination program. The decision to implement a temporary catch-up program is time sensitive because the initially vaccinated cohorts are approaching the upper vaccination age limit of 26 years. Decision-analytic models, used to project the expected benefits and costs of alternative vaccination strategies, can help inform health policy in the absence of long-term health outcomes. Our primary objective was to estimate the incremental benefits and cost-effectiveness of a delayed, 1-year catch-up HPV vaccination program for females up to age 26 years by explicitly considering the vaccine impact on multiple HPV-related conditions in women, as well as the indirect herd immunity benefits provided to both men and women. Our secondary objective was to explore the impact of varying vaccine protection in women with a history of vaccine-targeted infections on the cost-effectiveness.
METHODS

Analytic Approach
Under various scenarios of catch-up vaccination in females, we used a dynamic transmission model to project reductions in cumulative HPV incidence in multiple birth cohorts, capturing both direct and indirect benefits. To project long-term cost and health outcomes, we applied these reductions to a microsimulation model of cervical cancer and incidence-based models of noncervical HPV-related diseases. We conducted a costeffectiveness analysis consistent with Norwegian guidelines [10] , adopted a societal perspective, and discounted costs and quality-adjusted life years (QALYs) by 4% per year over the lifetime of each simulated cohort. We calculated the incremental cost-effectiveness ratio (ICER), defined as the incremental costs divided by the incremental benefits of one strategy, compared with the next less costly strategy. We used a commonly cited Norwegian threshold of Norwegian Kroner (NOK) 500 000, or approximately $83 000, per QALY gained to represent a cost-effective intervention but explored a range of threshold values to reflect a lack of consensus in Norway.
Models
First, we used a previously published [11] [12] [13] We used a microsimulation model of cervical carcinogenesis to capture cervical cancer outcomes associated with all HPV types and Norwegian screening strategies [13] [14] [15] . The model is individual based and tracks the history of each woman, including screening schedule, treatment history, and healthcare expenditures. We leveraged the strengths of both models by applying the reductions in sex-and type-specific HPV incidence from vaccination from the dynamic model to the corresponding inputs in the microsimulation model. This linkage between the 2 models allowed us to reflect herd immunity and to assess the joint impact of vaccination and screening on cervical outcomes. Finally, we developed separate Markov models to simulate the incidence of 7 additional HPV-related conditions (ie, vaginal, vulvar, anal, oropharyngeal, and penile cancer; genital warts; and RRP). The dynamic model outcomes were linked with these other disease models to estimate the additional benefits of the vaccine on noncervical HPV-related health outcomes in both women and men.
Epidemiologic Data
Baseline inputs for the dynamic and microsimulation models were based on data from epidemiological and clinical studies and have been described previously [11, 12, 14, 16] (Table 1) . Likelihood-based calibration methods were used to adjust baseline inputs and identify parameters that achieved good fit to Norwegian epidemiologic outcomes, such as HPV prevalence [13] and cervical cancer incidence [17] . Details of the Norwegian calibration process for both the microsimulation and dynamic models have been previously published [13, 15] . For individuals naive to vaccine-targeted HPV types, we assumed high, lifelong vaccine efficacy of 100% against HPV-16/18 disease. For individuals who cleared HPV-16 or -18 infection, either before or after vaccination (ie, nonnaive individuals), we assumed complete protection against infection or disease caused by the other type [18] but varied the amount of vaccine protection against the type to which they were previously exposed. Trial data from the intention-to-treat arm of the 4-valent HPV randomized trial among adult women aged 24-45 years [5] guided the calibration of a model parameter that varied the level of protection for women previously infected. Before analyses, the model parameter was fit to generate a lower bound (ie, 41.6%), using the observed vaccine protection against all HPV-16/18 end points reported in the intention-to-treat population, and an upper bound (ie, 84.7%), using the observed vaccine protection against HPV-16/18 end points within the per-protocol population. In addition to varying vaccine efficacy for individuals with a prior infection, other vaccine characteristics (eg, vaccine efficacy in HPV-naive individuals) and typespecific natural immunity were explored in sensitivity analysis. The natural immunity parameters were calibrated in the natural history cervical cancer model and used as an input into the dynamic model before calibration [13] . The dynamic model was then recalibrated using lower natural immunity values of 55% and 62% for HPV-16 and -18, respectively.
Economic and Quality-of-Life Data
Screening and treatment-related costs included direct medical costs ( procedures, inpatients stays, and general practitioner visits), nondirect medical costs (transport), and patient time costs, and the methods to estimate these costs have been reported previously (Table 1) [13, 15] . We assumed that vaccination of females aged >19 years would incur higher delivery costs (ie, through their family physician), compared with school-based vaccine administration for each of the 3 required doses. For The noncervical incidence-based models were based on data from the Cancer Registry of Norway (cancer-specific incidence and survival [17] ), published studies (eg, incidence of genital warts and RRP [33] [34] [35] ), and the World Health Organization HPV database (proportion of cases attributable HPV-16 and -18, by site) [36, 37] . d Quality-of-life adjustment range from a health state utility weight of 0 (death) to 1 (perfect health). For cancer-specific conditions, we conservatively assumed that individuals would remain in a reduced quality of life for 5 years, after which they would return to their age-and sex-specific utility values elicited from another Scandinavian country [27] . Disease-specific utility weights were multiplied by baseline age-specific utility weights to estimate overall utility. Weights for cervical cancer varied according to stage (local, 0.76 for 5 years; regional, 0.67 for 5 years; distant, 0.48 for lifetime with disease); utility weights for other noncervical HPV-related cancers were applied for 5 years [20] . For genital warts, a mean quality-of-life loss of 6.6 days was assumed [21] , which is approximately a utility weight of 0.9277 over 3 months; for RRP, a health state utility weight of 0.68 over 4 years was assumed. e The cost per case is expressed in 2010 US dollars ($1 = 6.05 Norwegian Krone) and represents discounted (4% per year) costs for diagnosis and 5-year follow-up, inclusive of direct costs (procedures, inpatient stays, and general practitioner visits), direct nonmedical costs (transport), and patient time costs. The proportion of direct nonmedical and patient-time costs for all noncervical conditions was estimated from cervical cancer (15%) applied to baseline direct medical costs. The cost of treatment of cervical cancer varies according to stage of detection (local, $25 800; regional, $51 600; distant, $59 600). f Data include the cost of an office visit (adjusted according to Norwegian economic evaluation guidelines), co-pay, and time and transport (using the average 2010 monthly earning plus fringe benefits for females <25 years old [http://www.ssb.no/en]) associated with vaccine administration outside the school-based program. The office visit, office wait time, and travel time (to/from) the appointment was assumed to take 1.5 hours.
the base case results, we assumed a vaccine cost per dose of $75 [13] but varied the assumption widely to account for the higher market cost, as well as future (lower) tender negotiations. All costs were measured in 2010 NOK and converted to US dollars, using the average annual 2010 exchange rate ($1 = NOK6.05) [19] . To reflect diminished quality of life due to morbidity of disease (eg, cancer and genital warts), we applied health-state utility weights for each condition [20, 21] . Sensitivity analysis explored the impact of only accounting for disease-specific mortality, reported here as life-years saved (LYS).
Strategies
We compared the current program of routine vaccination of 12-year-old girls (starting in 2009), assuming 3-dose coverage of 71%, to different catch-up scenarios in 2014, assuming 50% coverage of women aged 18 years up to ages 20, 22, 24, or 26 years ( Figure 1 ). All strategies included cervical cancer screening starting at age 25 years, based on current practice in Norway [22] . Our primary analysis included the vaccine effects on all 8 HPV-related disease outcomes and assumed the lower bound of vaccine protection for women with a history of infection across 3 alternative vaccine costs assumptions. A secondary analysis assessed the impact of the upper bound of vaccine protection for women with a prior history of vaccine-targeted infections. For the primary analysis, 1-way sensitivity analysis also explored the impact of differential coverage among women targeted by the catch-up program (30% vs 50%) and the discount rate (0% and 3%).
RESULTS
The incremental benefits from vaccination decreased as the upper age limit of the catch-up program increased. For example, at 50% coverage and assuming the lower bound of vaccine protection in women previously exposed to vaccine-type infections, the cohort of women aged 20 years at the time of catch-up vaccination (in 2014) experience an absolute 22% higher cumulative reduction in HPV-16/18 incidence, compared with routine vaccination of 12-year-old girls over their lifetime. For the cohort of girls vaccinated at age 26 years in 2014, this gain was only 4.2% (data not shown). When we assumed the upper bound of vaccine protection in those who were previous exposed, these benefits increased to 26% and 7.3% among females aged 20 years and 26 years, respectively. Importantly, increasing the vaccination age limit in the catch-up program expedited the overall declines in HPV-16/18 prevalence (Figure 2 ). The projected impact of the vaccine on the average lifetime risk of cervical cancer also diminished as additional catch-up cohorts were vaccinated and varied considerably by the amount of vaccine protection assumed for women with a prior vaccine-type infection ( Figure 3) . For example, when we applied the lower bound vaccine protection in nonnaive women, the lifetime risk of cervical cancer for the 26-year-old cohort was reduced from a baseline of 1.10% (screening only) to 0.93% (with routine vaccination program only) and 0.88% (with a temporary catch-up program achieving 50% coverage for women aged 18-26 years; Figure 3 ). However, when we assumed the upper bound of vaccine protection, the lifetime risk of cervical cancer was projected to be closer to that of the 18-year-old cohort ( Figure 3) . The results of our cost-effectiveness analysis followed a similar trend at different levels of vaccine cost and HPV-related outcomes (Table 2 and Supplementary Table 1) . For example, when considering only cervical cancer outcomes, a market price of $150 per dose, all catch-up programs yielded incremental cost-effectiveness ratios of greater than $83 000 per QALY gained, the common benchmark for cost-effectiveness in Norway. However, when we considered vaccine benefits for all male and female HPV-related diseases, the incremental cost-effectiveness ratio of a 1-year catch-up program up to age 20 years fell below the Norwegian threshold (ie, $53 500 per QALY gained). At more realistic vaccine tender prices (ie, $50 or $75 per dose), a 1-year catch-up program could be extended to include women up to age 22 years while still remaining cost-effective in Norway. However, for settings with cost-effectiveness thresholds less than $50 000 per QALY gained, vaccinating beyond age 20 years would not be considered cost-effective unless the vaccine cost per dose was $10 or less (data not shown).
Our secondary analysis, which considered a high level of vaccine protection for women with a history of prior infection, yielded similar trends but generally more-attractive ratios. For example, when all HPV-related outcomes were considered, vaccinating up to age 26 years fell below common benchmarks of cost-effectiveness in Norway (Table 2 and Supplementary  Table 1) . At a vaccine price of $50 per dose, the incremental cost-effectiveness ratio dropped below $50 000 per QALY prevalence, by year, for the primary analysis (assuming 71% coverage for routine vaccination of 12-year-old girls, 50% coverage for the catch-up cohorts, and the lower-bound vaccine protection in women previously exposed to a vaccine-targeted HPV types). Among males, the expected declines in HPV prevalence (due to herd immunity) follow a similar trend, although at a slower pace and with less overall benefit (data not shown). Figure 3 . Lifetime cervical cancer risk, by age of cohort in 2014, by catch-up vaccination strategy (assuming 50% coverage), and by vaccine protection in women previously exposed to a vaccine-targeted human papillomavirus (HPV) type. In the absence of any HPV vaccination program (ie, status quo cervical cancer screening only), the model projects a lifetime cervical cancer risk of 1.1%.
Sensitivity Analysis
When we varied the assumptions made in our primary analysis (50% coverage, $75 per dose, and lower bound of vaccine protection in women with prior vaccine-targeted HPV types), we found that, apart from a 0% discount rate, it was never attractive to vaccinate beyond age 22 years, as the incremental cost-effectiveness ratios consistently remained above the common benchmark for cost-effectiveness in Norway (Figure 4 ). In addition, expressing the incremental cost-effectiveness ratios in terms of life-years (not QALYs) gained was the only situation in which vaccinating up to age 22 years was not attractive. At $50 per dose (data not shown), vaccinating up to age 24 years yielded ratios below $83 000 per QALY gained either when the vaccine efficacy for those naive to vaccine-targeted HPV types was reduced from 100% to 90% ($80 400 per QALY gained) or when only direct medical costs (ie, costs excluding travel and time costs) were considered ($81 000 per QALY gained).
DISCUSSION
A temporary HPV vaccination program to catch-up cohorts of women not initially offered the 4-valent HPV vaccine may still be warranted 5 years after successfully introducing routine HPV vaccination of preadolescent girls. From a cost-effectiveness perspective, the upper vaccine age limit is influenced by several decisive factors, including (1) the amount of vaccine protection provided to women previously exposed to vaccine-targeted infections, (2) the number of HPV-related conditions considered, and (3) the vaccine cost. Even under the most favorable assumptions, vaccinating up to age 26 years would only be considered cost-effective if the threshold willingness-to-pay per QALY gained is not less than $50 000.
To our knowledge, this is the first analysis to assess the value of a delayed temporary HPV vaccination program (ie, 5 years after initiating routine vaccination of 12-year-old girls) that incorporates transmission dynamics, includes multiple male and female HPV-related end points, and reports results in an incremental fashion. A recent health technology assessment commissioned by the Norwegian Institute of Public Health [23] found that a catch-up program for ages 18-26 years, compared with no catch-up, was cost-effective for a willingness-to-pay threshold of NOK265 327 per QALY gained (approximately $43 900), assuming a vaccine cost per dose of approximately $82. We found similarly attractive results ($36 000 per QALY gained) if we compared vaccination of women up to age 26 years directly to routine vaccination only (ie, no other age limits ICER values in bold signify a cost-effective strategy given a cost-effectiveness threshold of $83 000 per quality-adjusted life-year gained. for the temporary catch-up vaccination program). As noted in a recent review [24] , however, HPV vaccination catch-up programs may appear artificially more attractive if the catch-up age groups are not disaggregated, and therefore, the additional benefits and costs should be presented incrementally by age. More generally, several studies that have assessed catch-up Figure 4 . Impact of parameter assumptions on the incremental cost-effectiveness ratio. Dashed line represents the commonly cited cost-effectiveness threshold in Norway (ie, $83 000 per quality-adjusted life-year gained), and the shaded region represents the upper and lower bounds of commonly cited cost-effectiveness thresholds. The base scenario assumes comprehensive vaccine benefit to multiple human papillomavirus (HPV)-related conditions (cervical, vaginal, vulvar, anal, penile, and oropharyngeal cancer; genital warts; and juvenile-onset recurrent respiratory papillomatosis), 50% coverage for catch-up vaccination (ages 18-26 years), $75 per vaccine dose, and the lower bound of vaccine protection among women previous exposed to vaccinetargeted HPV types.
and routine HPV vaccination programs have found that vaccinating beyond age 22 years is not cost-effective [11, 25] , although considerable variation in the optimal upper age limit exists. For example, some studies [26] [27] [28] found that vaccinating up to age 26 years is attractive, while another study found vaccinating beyond age 15 years [29] was unattractive. Explanation for the differences between model analyses have been discussed in a recent review [24] and are generally attributed to model assumptions, such as the amount of prior exposure to HPV, natural immunity assumptions, transmission dynamics, and vaccine characteristics (eg, protection among those with prior exposure and cost per dose). Reported differences may also stem from analysis presentation, as noted earlier.
Our study accounted for the additional indirect benefits (ie, herd immunity) that may be conferred to unvaccinated individuals, including men. Transmission dynamics are particularly important for determining whether to implement a delayed catch-up program, as multiple cohorts of 12-year-old girls have already achieved high coverage and are likely generating herd immunity benefits among those cohorts not initially vaccinated. For example, in our analysis, the 18-year-old cohort was projected to experience a 20% reduction in the lifetime risk of cervical cancer in the absence of a catch-up program, because of the herd immunity benefits generated from adjacent vaccinated cohorts (Figure 3 ). Analyses that fail to consider transmission dynamics are likely to overestimate the incremental benefits generated by a catch-up program. We also included vaccine impact on other noncervical HPV-related conditions; accounting for these additional conditions reduced the incremental cost-effectiveness ratios by as much as 42% and had more impact on the primary analysis (which assumed a lower bound of vaccine protection), compared with the secondary analysis (which assumed an upper bound of vaccine protection). Benefits to noncervical HPV-related conditions are seldom included in other studies but are clearly important.
We assumed a base case coverage rate of 50%, which is higher than what is currently observed in temporary catch-up programs in both Denmark and Australia for individuals aged >19 years (ie, 35% and 39%, respectively) [30, 31] ; however, our results remained stable for coverage rates of 30% in the catch-up program. Similar to another study [6] , we found that considering a lower natural immunity yielded more attractive cost-effectiveness ratios for catch-up campaigns; however, this assumption did not change the optimal strategy of vaccination up to age 22 years in the primary analysis. Across parameter variations, the incremental cost-effectiveness ratio associated with vaccinating up to age 20 years remained below $50 000 per QALY gained, vaccinating up to age 22 years remained above $50 000 per QALY gained, and vaccinating up to ages 24 or 26 years yielded a ratio above $95 000 per QALY gained across key parameter variations.
Similar to our analysis, a study that evaluated the 2-valent HPV vaccine [6] and considered cervical cancer end points also found that assumptions surrounding vaccine protection among nonnaive women played a pivotal role in determining the optimal upper vaccine age limit. As an alternative to assuming an uninformed prior (between 0 and full benefit) for vaccine protection in women with previous vaccine-type HPV exposure, we chose to calibrate a model parameter to fit the 4-year reductions observed in the clinical trial for adult women [5] . The model-projected impact of the HPV vaccine on reducing HPV-related disease among those previously exposed to vaccine-type infections corresponded with the lower bound of the range reported from posttrial evaluations for women >24 years old [5] . The calibrated upper bound of vaccine protection represented an optimistic scenario because it was defined using the observed protection among women who completed all 3 vaccine doses and tested negative for HPV (across multiple genital sites) by both DNA and serologic analysis at study entry (ie, the per protocol population). Although unrealistic in population-based implementation, this upper bound analysis provides a best-case estimate.
Our study has several limitations, particularly surrounding the natural history of infection and behavioral trends that may influence expected benefits. For example, preliminary insights from women in Denmark suggest there may be a correlation between opting to participate in the national catch-up program and having a lower average number of sex partnerships and, possibly, having a higher likelihood of participating in screening (M. Nygård, unpublished data). Under this assumption, we would expect the proposed catch-up program to be less cost-effective because the overall risk of disease in these individuals is lower. Conversely, these women may be less likely to have had previous exposure to HPV, and the vaccination may yield greater benefits resulting in more attractive scenarios for older catch-up cohorts.
We also did not include the impact of vaccine efficacy in reducing the incidence of infection due to nonvaccine HPV types (ie, cross-protection). This additional benefit would impact our results only to the extent to which these other cross-protected types play a causal role in the cancers: for cervical cancer, those other types are important, but for most other cancers, HPV-16 is of primary importance. The 4-valent vaccine (on tender in Norway) has been suggested to be partially efficacious against HPV-31, yet the vaccine's cross-protective effects are uncertain with respect to durability [32] . We expect that including these additional benefits may make the program more attractive, although previous analyses [11, 25] have found that including cross-protection provides small additional benefits. Last, our understanding of the natural history and HPV type attribution of noncervical HPV-related diseases is limited but growing; analyses should be revisited as new information on the burden of HPV on these other diseases emerges.
Policies surrounding the implementation of a delayed temporary catch-up program are time sensitive, because initially vaccinated cohorts will soon reach the upper age limit of 26 years. Moreover, as we demonstrate in this analysis, the incremental benefit of vaccinating older women decreases with age. For countries assessing whether to implement a temporary catch-up program, the maximum value achieved by these decisions will only decrease as decisions are delayed.
In summary, under reasonable vaccine price assumptions and comprehensive vaccine benefit to multiple HPV-related conditions, the Norwegian HPV vaccination program may be temporarily extended to age 22 years while remaining costeffective. The cost-effectiveness of vaccinating beyond this age becomes more uncertain, because the upper vaccine age limit is influenced by several decisive factors, most notably, the level of vaccine protection among women with previous exposure to vaccine-targeted HPV types.
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